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This paper re o r t s  exper iments which are designed t o  a s c e r t a i n  t h e  degree t o  
which the CP/MAS-1$-nmr techn ique can be used i n  a q u a n t i t a t i v e  sense i n  a n a l y s i s  o f  
coal  and c o a l  d e r i v a t i v e s .  The q u a n t i t a t i v e  c a p a b i l i t y  o f  the experiment as app l ied  t o  
diamagnet ic o rgan ic  molecules i s  wel l  documented (1). The u n c e r t a i n t y  i n  t h e  ana lys is  
o f  c o a l s  a r i s e s  from t h e  presence o f  a s u b s t a n t i a l  organic-based f r e e - e l e c t r o n  spin 
d e n s i t y  and from t h e  u n c e r t a i n t y  i n  the  hydrogen d i s t r i b u t i o n  i n  these t y p i c a l l y  low 
H/C m a t e r i a l s .  The p o s s i b i l i t y  e x i s t s  t h a t  a f r a c t i o n  o f  t h e  carbon i n  a coal  
exper iences e l e c t r o n - n u c l e a r  i n t e r a c t i o n s  which render t h e  s i g n a l  i n v i s i b l e ,  broadened 
and/or paramagnet ical ly s h i f t e d .  o r  i s  i n  an environment dep le ted  o f  hydrogen and 
unable t o  y i e l d  a 1H-13C CP s i g n a l .  

experiment se lec ted  t o  address t h i s  ques t ion  e n t a i l s  i n t r o d u c i n g  i n t o  t h e  coa l  a known 
q u a n t i t y  o f  carbon designed t o  y i e l d  u n i t  i n t e n s i t y  response under t h e  a n a l y s i s  con- 
d i t i o n s .  The e x p e r i m e n t a l l y  measured area r a t i o  represent ing  in t roduced carbon/nat ive 
coa l  carbon from t h e  CP/MAS-13C-spectrum i s  then compared w i t h  t h e  same r a t i o  d e t e r -  
mined i n  an unambiguous, independent experiment. 

To what ex ten t  are t h e  carbons i n  coa l  de tec ted  w i t h  u n i t  i n t e n s i t y  response? The 

Chemical M o d i f i c a t i o n o f  ILL.  # 6 - V i t r a i n  

The in t roduced carbon i s  incorpora ted  by m e t h y l a t i o n  o f  t h e  heteroatoms o f  the 
coa l  which undergo based-catalyzed a l k y l a t i o n .  I n  Ill. #6 v i t r a i n  these s i t e s  are pre- 
dominant ly (80-85%) p h e n o l i c  residues. The balance of t h e  in t roduced methyl groups are  
bonded t o  o t h e r  f u n c t i o n a l  groups. There i s  c l e a r  chemical s h i f t  evidence f o r  methyl 
e s t e r  and aminomethyl groups and perhaps a small amount o f  s u l f h y d r y l  o r  s e l e c t  carbon 
methyl  a t i  on. 

measure o f  in t roduced carbon i s  obtained by 14C-radioassay techniques, which, 
together  w i t h  elemental  a n a l y s i s  o f  t h e  coal  d e r i v a t i v e ,  p rov ides  t h e  benchmark r a t i o  
needed t o  eva lua te  t h e  nmr i n t e g r a t i o n s .  

reagents used i n  t h e  d e r i v i t i z a t i o n  contaminate t h e  product.  The e x t e n t  o f  such 
unwanted i n c o r p o r a t i o n  i n  t h e  present exper iments have been measured by u s i n g  
14C-labeled so lvents  and reagents i n  p a r a l l e l  experiments. 

I n i t i a l  methy la t ions  were performed us ing  t e t r a - n - b u t y l  amnonium hydroxide i n  
aqueous THF f o l l o w i n g  l i t e r a t u r e  procedures ( 2 ) .  
(nBU)4wX- s a l t s  from t h e  produc t  using pub l ished methods were unsuccessful  i n  our 
hands. 
t h e  c o a l  i s  a l s o  s o l u b i l i z e d  by t h i s  so lvent .  

dure f o r  a l k y l a t i o n  o f  coal  u s i n g  KOH i n  aqueous THF was developed. 
of  Ill. #6 v i t r a i n  u s i n g  t h i s  system in t roduced 4.6 methyl  groups/100 coal  carbons a f t e r  
5 days reac t ion ,  ca. 10% fewer than obtained w i t h  the  te t ra -E-buty lamon ium 

The m e t h y l a t i o n  i s  performed w i t h  14C.13C-double-labelled methy l iod ide .  The 

Large e r r o r s  i n  t h e  14C and 1% r a t i o  de terminat ions  can occur i f  so lvents  and/or 

Repeated a t t e m p t s . t o  remove 

The reagent can be removed by methanol washing, b u t  a s i g n i f i c a n t  f r a c t i o n  of 

To prepare an 0-CH3 coal  d e r i v a t i v e  f r e e  o f  carbon-containing reagents,  a proce- 
The methy la t ion  
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hydroxide/aqueous THF system. 
requ i red ;  t h e  product, Ill. #6-OCH3, obta ined f o l l o w i n g  a s i n g l e  me thy la t i on  s tep i s  
analyzed i n  Table 1. Another product l i s t e d  i n  Table 1, Ill. #6-XCH3, has been prepared 
by  s t i r r i n g  Ill. #6 v i t r a i n  and methyl i o d i d e  (91.2% 13C-enriched, 3- fo ld  molar  excess 
based on f i v e  a c i d i c  s i t e s / 1 0 0  coal  carbons) i n  THF f o r  f i v e  days. Under these con- 
d i t i o n s  l i t t l e  aromatic methy lether  formed. The i n c o r p o r a t i o n  o f  methyl groups occurs 
predominant ly  on ac id  and amine f u n c t i o n a l  groups. 

THF r e t e n t i o n  i n  t h e  coa l  products  i s  minimal ( ~ 0 . 8  wt%) i n  a l l  a l k y l a t i o n  proce- 
dures. 

For t h e  present  purpose, complete a1 k y l a t i o n  i s  no t  

CP/MAS-l%-NMR Analys is  

The aromatic carbon f r a c t i o n  o f  coals ,  f,, de r i ved  from CP/MAS-13-nmr measurements 
a re  genera l l y  determined f rom aromat ic  and a l i p h a t i c  carbon resonance area measurements 
taken  from a s i n g l e  spectrum recorded under optimum o r  near optimum s igna l - to -no ise  
cond i t i ons  (cross p o l a r i z a t i o n  con tac t  t ime 
t h i s  fashion assume t h a t  t h e  cond i t i ons  f o r  q u a n t i t a t i v e  s igna l  i n t e n s i t y  response i n  
t h i s  experiment, namely 

TCH < < t c p  < <  tip^ 

a re  appl icable.  
Hartmann-Hahn cond i t i on ,  tc 
T l p ~  i s  t he  proton s p i n - l a t t i c e  r e l a x a t i o n  t ime  i n  t h e  r o t a t i n g  frame. 
ana lys i s  of fa requ i res  t h a t  a homogeneous T l p ~  cha rac te r i ze  t h e  e n t i r e  sample. 

genera l l y  d i s p l a y  n e a r l y  homogeneous h u t  d i f f e r e n t  T l p ~  behavior  (3) .  
(arOmatiC)/TlpH ( a l i p h a t i c ) ,  w i t h  t y p i c a l  values o f  0.8-1.2 f o r  111. #6  v i t r a i n  de r i va -  
t i v e s ,  can be a l t e r e d  by chemical mod i f i ca t i on .  

While t h e  i n e q u a l i t y  TCH << tcp = 1 ms i s  v a l i d  f o r  protonated carbon s i t e s  i n  
coals ,  i t  i s  on l y  m a r g i n a l l y  met f o r  t h e  non-protonated aromatic carbon f r a c t i o n  o f  
Ill. # 6 ,  which reveals  an average TCH o f  350 2 100 p s .  
s i g n i f i c a n t l y  f o r  o the r  b i € u i t i s  coals .  

These considerat ions i n d i c a t e  t h a t  i t  i s  wor thwh i l e  t o  eva lua te  CP/MAS-13C-nmr 
d a t a  o f  coals  more c r i t i c a l l y  t o  assess the  e r r o r s  which may be i n t roduced  by  s i n g l e  
spectrum analys is .  

carbon s ignal  i n t e n s i t y  i n  t h e  sp in - l ock ,  CP/MAS-13C-nmr experiment w i t h  non-neg l i g ib le  
T l p ~  r e l a x a t i o n  i s  

1 ms). Reported fa values determined i n  

TCH i s  t h e  1H-13C c ross  p o l a r i z a t i o n  t ime  constant  under t h e  
i s  the experimental cross p o l a r i z a t i o n  con tac t  t ime,  and 

S ing le  spectrum 

It has been shown t h a t  t h e  aromat ic  and a l i p h a t i c  resonance envelopes o f  coa ls  
The r a t i o  T l e ~  

This  va lue should no t  d i f f e r  

The general express ion g iven by  Mehring ( 4 )  which descr ibes t h e  development o f  

where A ( t )  i s  1% s igna l  i n t e n s i t y  a t  t = tCp .  N r e  resen ts  t h e  number o f  a c q u i s i t i o n s  
and K i s  a constant  p r o p o r t i o n a l  t o  t h e  number of  sp ins and spectrometer sen- 
s i t i v i t y .  By r e s t r i c t i n g  t h e  cross p o l a r i z a t i o n  con tac t  t ime  t o  values f o r  which 
tcp >> TCH and e-tcp/TCH << e- tcp lT lpH.  Equation 1 reduces t o  

) 
T1 pH -t 1 TlpH 

A ( t )  = KN ( e  
TI~H-TCH 
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Examination o f  t y p i c a l  T l p ~  and TCH values f o r  t h e  coal  d e r i v a t i v e s  under cons idera t ion  
shows t h a t  t h e  use o f  c ross  p o l a r i z a t i o n  t imes > 2 ms s a t i s f y  t h e  r e s t r i c t i o n s  which 
lead t o  Equat ion 2. 
> 2 ms and t h e  separate a romat ic  and a l i p h a t i c  resonance areas are n o n - l i n e a r  l e a s t -  
squares f it t o  Equat ion 2. K i s  evaluated a t  tcp = 0 as 

To e v a l u a t e  fa t h e  spectrum i s  recorded a t  f i v e  contac t  t imes 

TI~H-TCH 
K = Ao- 

TlpH 

and fa i s  g iven  by K(arom)/[Karom + K ( a l i p h ) ] .  

3) 

The a p p l i c a t i o n  o f  Equat ion 3 r e q u i r e s  est imates of TCH f o r  several  carbon types 
i n  coa ls .  Previous s t u d i e s  o f  coa ls  i n d i c a t e  t h a t  TCH values o f  35, 65 and 350 ps f o r  
protonated carbons (a romat ic  and a l p h a t i c ) ,  methyl carbons (methy le ther )  and non- 
protonated aromat ic carbons, r e s p e c t i v e l y  a re  acceptable est imates f o r  t h e  present 
ana lys is .  The a l i p h a t i c  resonance band i s  considered t o  have a n e g l i g i b l e  f r a c t i o n  of 
non-protonated carbons and 6W of t h e  aromat ic resonance bond i s  considered t o  be non- 
protonated carbon (5). 

Equat ion 3. 
.660 
c a l c u l a t e d  f a  of .707 k .006. The 1 ms data  s t r o n g l y  i n f l u e n c e s  t h e  c a l c u l a t i o n .  
Equat ion 3 i s  no t  an ap r o p r i a t e  expression f o r  a n a l y s i s  of the  1.0 - 8.0 ms data set  

be used t o  t r e a t  t h i s  data. Note t h a t  t h e  c a l c u l a t e d  f a  f o r  t h e  da ta  f o r  which 

Table 1 summarizes t h e  a r o m a t i c i t y  values f o r  Ill. #6 v i t r a i n  c a l c u l a t e d  using 
I n t e n s i t y  d a t a  over t h e  range o f  con tac t  t imes 1.0-8.0 ms y i e l d s  f a  o f  

.003. The same data  se t ,  minus t h e  i n t e n s i t y  da ta  f o r  t h e  1 ms tcp, y i e l d s  a 

s ince  the i n e q u a l i t y  e- t cp/TCH << t / c p / T c ~  i s  no t  met f o r  1 ms data. Equat ion 1 should 

> 2 ms i s  i n  f a i r  agreement w i t h  fa determined from a s i n g l e  spectrum w i t h  
= 1.0 ms. 

Table 1. fa and In t roduced CH3/lOO Coal Carbons f o r  Ill. #6 and 
D e r i v a t i v e s .  , 

fa Introduced CH3/100 Coal Carbons ---- 
Ill. #6 Ill. #6-OCH3 Ill. #6-XCH3 

1.0-8.hS 
tcp range 0.660 k .003 5.84 0.18 

tcp range 0.707 f .006 5.78 0.1 

tcp t ime 0.697 ?: -02 5.12 0.21 

2 . 0 - 8 . h ~  

l . h s  

The number of methyl carbons in t roduced i n t o  t h e  coal  m a t r i x  i s  determined by 
assuming t h a t  f a  o f  Ill. # 6  v i t r a i n  i s  v a l i d  f o r  t h e  o r i g i n a l  coal  carbon of the  pro- 
ducts,  i.e., i n t e r c o n v e r s i o n  o f  sp2 and sp3 carbons does n o t  occur as a consequence of  
t h e  d e r i v i t i z a t i o n .  
p roduc t  a l l o w  p a r t i t i o n i n g  of  t h e  a l i p h a t i c  resonance area i n t o  components represent ing  
n a t i v e  coal carbon and i n t r o d u c e d  carbon. 
t h e  two coal  d e r i v a t i v e s ,  Ill. #6-OCH3 and I l l .  #6-XCH3. 

Hence, fa o f  Ill. #6 v i t r a i n  and t h e  aromat ic resonance area of t h e  

This a n a l y s i s  i s  sumnarized i n  Table 1 for 
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i Note t h a t  the  c a l c u l a t e d  va lue  f o r  the  number o f  methyl  groups in t roduced i n t o  
Ill. #6-OCH3 us ing  t h e  f i t t i n g  procedure (Equat ion 3) i s  independent of  t h e  tCP range 
and fa assigned t o  t h e  o r i g i n a l  coa l ,  as long as t h e  a n a l y s i s  o f  Ill. #6 v i t r a i n  and 
Ill. #6-OCH3 i s  i n t e r n a l l y  cons is ten t .  This i s  s imply a statement t h a t  t o  w i t h i n  t h e  
e r r o r  o f  t h e  f i t  o f  t h e  da ta  t o  a s i n g l e  exponent ia l ,  no d e t e c t a b l e  carbon i n t e n s i t y  
accrues i n  t h e  spectrum between 1.0 and 2.0 ms. The f i t t i n g  procedure s imp ly  c o r r e c t s  
t h e  measured areas f o r  the  d i f f e r e n c e s  i n  T l p ~  between the  coa ls  and f o r  t h e  d i f f e r e n -  
ces Of T l p ~  between t h e  aromat ic and a l i p h a t i c  resonance bands o f  each coa l .  

The c a l c u l a t e d  values f o r  t h e  number o f  methyl  groups in t roduced i n t o  t h e  coal  
us ing  s i n g l e  spectrum a n a l y s i s  w i t h  tcp = 1.0, 2.0 and 3.0 ms, i s  5.72. 5.34 and 5.01, 
r e s p e c t i v e l y ,  and i n d i c a t e  the  magnitude o f  t h e  e r r o r  which i s  in t roduced by t h e  T l p ~  
d i f f e r e n t i a l s  between t h e  coa l  and i t s  d e r i v a t i v e .  C l e a r l y  t h e  va lue  a t  tcp = 1.0 rns 
i s  i n d i s t i n g u i s h a b l e  f rom t h e  values obtained by t h e  f u l l  f i t t i n g  procedure. 
1.0 ms cross p o l a r i z a t i o n  c o n t a c t  t ime i s  a j u d i c i o u s  compromise va lue  c o n s i s t e n t  w i t h  
a n e a r l y  complete cross p o l a r i z a t i o n  s i g n a l  from a l l  carbons i n c l u d i n g  d e t e c t a b l e  non- 
p ro tonated  carbons and minimum e r r o r  in t roduced by d i f f e r e n t i a l  T l p ~  r e l a x a t i o n  
e f f e c t s .  

behavior b u t  have l a r g e r  r e l a t i v e  e r r o r ,  a r e s u l t  o f  t h e  smal l  area changes i n  t h e  pro-  
d u c t  r e l a t i v e  t o  Ill. #6 v i t r a i n .  

Thus a 

The methyl i n c o r p o r a t i o n  values shown i n  Table 1 f o r  Ill. #6-XCH3 show the, same 

Comparison o f  13C-NMR and 14C-Radioassay Ana lys is  

The number o f  methyl  groups found i n  Ill. #6-OCH3 and Ill. #6-XCH3 b y  t h e  
radioassay technique i s  4.64/100 coal  carbons and 0.20/100 coal carbons, r e s p e c t i v e l y .  
The e r r o r  i n  these values i s  l a r g e l y  determined by t h e  e r r o r  i n  e lemental  analyses and 
i s  <2X. The values determined by nmr a n a l y s i s  (1.0 ms CT) a re  5.72 ? 1.1/100 and 
0.21 f 0.04/100 coal  carbons, r e s p e c t i v e l y .  The 20% e r r o r  associated w i t h  t h e  nmr 
values i s  der ived  f o r  t h e  use o f  s i n g l e  spectrum a n a l y s i s  and i s  t h e  wors t  case e r r o r  
c a l c u l a t e d  by a l l o w i n g  f a  o f  Ill. #6 v i t r a i n  and Ill. # 6-OCH3 t o  vary f .02 f rom t h e i r  
measured values. 
t h e  CP/MAS-13C-nmr method does accura te ly  mon i to r  t o t a l  carbon s i g n a l  i n  t h e  examined 
coa ls .  

We conclude t h a t ,  w i t h i n  t h e  est imated e r r o r  o f  t h e  nmr measurement, 
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